We have isolated and characterized two complete cDNA clones, Zfz8a and Zfz8b, which encode zebrafish Frizzled (Fz) homologues. The predicted protein sequences, spanning 579 and 576 amino acid residues for ZFz8a and ZFz8b, respectively, were highly homologous (78%) to each other and contained an extracellular cysteine-rich domain and seven transmembrane domains that are well conserved in Fz receptor protein members. In comparison with other Fz family members, ZFz8a and ZFz8b showed the highest homology with mouse Fz8 (MFz8), sharing 84 and 76% amino acid identity, respectively. The presence of Zfz8a and Zfz8b transcripts was detected by in situ hybridization in zebrafish embryos from the 512 cell stage, and their appearance in the future dorsal region could be observed before embryos reached the 30% epiboly stage. At shield stage, Zfz8a transcripts were expressed in both epiblast and shield whereas expression of Zfz8b was only detected in the embryonic shield. During gastrula stages, both Zfz8a and Zfz8b transcripts were found in anterior dorsal regions of the involuting mesendoderm (future prechordal plate). By the 2-to 3-somite stage, expression of both Zfz8a and Zfz8b was restricted to the prechordal plate and prospective anterior neurectoderm, although expression of the Zfz8a gene was no longer present in the most anterior portion of the prechordal plate, the polster. In one-eyed pinhead mutant embryos, which lack prechordal plate, both Zfz8a and Zfz8b transcripts were reduced, confirming the prechordal plate specificity of Zfz8a and Zfz8b gene expression. These results provide an additional evidence supporting the role of Wnt signaling in organizer-mediated axial patterning.
Results
Formation of the embryonic axes in vertebrates is mediated by sequential interaction and movement of embryonic cells. In Xenopus, the Nieuwkoop center induces dorsal mesoderm to form Spemann's organizer, which produces signals for establishing the embryonic axis (see review in Harland and Gerhart, 1997; Lemaire and Kodjabachian, 1996; Sasai and De Robertis, 1997) . Among the genes that have been implicated in this process are members of the Wnt family.
Wnts are a diverse but evolutionally well-conserved group of proteins including mouse Wnt-1 (Nusse and Varmus, 1982) and the Drosophila wingless (Wg; Rijsewijk et al., 1987) . In addition to their suggested role in specifying dorsal information in the blastula, Wnts have been known to play key roles in transmitting signals for cell polarity, specifying cell fate, embryonic axis duplication and cancer in humans (see reviews in Cadigan and Nusse, 1997; Moon et al., 1997) .
The Frizzled (Fz) family of cell-surface proteins are the receptors for Wnt /Wg proteins, by a number of genetic and biochemical criteria. Genetic analysis in Drosophila and C. elegans has shown that wg/wnt and Dfz/fz mutations can be ordered in a genetic pathway (Cadigan and Nusse, 1997) . Fz proteins also contain common receptor-like protein motifs such as extracellular amino-terminal cysteine-rich domains (CRD) and seven transmembrane domains (Vinson et al., 1989) , suggesting that Fz family members serve as receptors for Wnt proteins in the vertebrate (Yang-Synder et al., 1996) . In Xenopus, injection of some Wnt RNAs alone (mouse Wnt-1, Xwnt-3A, Xwnt-8 and Wg) induces dorsal axis duplication (see review in Moon et al., 1997) , while other Wnts (Xwnt-5A) require Fz (human Fz5) to induce axis duplication (He et al., 1997) . In spite of these suggestive results, endogenous expression of wnt and fz genes at the appropriate time and place (organizer tissue) has not been detected and the role of this pathway in axis formation remains poorly characterized.
In a large scale screen for expressed sequence tags (ESTs) transiently expressed during zebrafish embryogenesis, using differential display PCR (Matz et al., 1997) , we isolated a 300 bp cDNA fragment showing specific expression in the zebrafish embryonic shield. Using this partial cDNA fragment as a probe, we isolated a full-length cDNA of 2.3 kb (2249 bp, GenBank accession #AF060697) from a zebrafish lgt10 cDNA library. Complete nucleotide sequencing revealed that it possessed an 1737 bp open reading frame (ORF) encoding 579 amino acid residues (65 249 Dalton). During this procedure, we also isolated a second cDNA insert (2.5 kb) showing high homology to the first, 2.3 kb cDNA. Complete nucleotide sequencing of the 2.5 kb cDNA (2552 bp, GenBank accession #AF060696) revealed that it also contained a complete ORF (1728 bp) encoding 576 amino acid residues (64 945 Dalton). Both ORFs contained the extracellular CRD and seven transmembrane domains conserved in Fz proteins (Vinson et al., 1989; Cadigan and Nusse, 1997) (Fig. 1A) . The deduced amino acid sequences from both clones further revealed substantial amino acid sequence identity to Fz proteins from other species as well as significant amino acid homology (78%) to each other. In comparison with Fz genes from several species, ZFz8a shared 84, 69 and 59% amino acid sequence identity with MFz8, human Fz5 (HFz5) and Drosophila Fz2 (DFz2) (Bhanot et al., 1996) , respectively. ZFz8b also demonstrated protein sequence identity with MFz8 (76%), HFz5 (67%) and DFz2 (58%). Since the deduced amino acid sequences from both of our zebrafish fz clones showed the greatest identity to mouse Fz8 (MFz8) , we designated the 2.3 kb and 2.5 kb clones zebrafish fz8a (Zfz8a) and fz8b (Zfz8b), respectively.
The Zfz8a and Zfz8b clones are the first complete fz genes to be isolated from the zebrafish, although the presence of at least 11 Fz homologues has been predicted . To begin to determine the roles of these proteins during zebrafish early embryogenesis, we examined the temporal and spatial expression patterns of Zfz8a and Zfz8b. By in situ hybridization, the presence of Zfz8a mRNA was detected in the blastoderm of 512 cell stage blastula (data not shown). Between the high and oblong stages (3.5 hpf), Zfz8a expression was further increased uniformly in the whole blastoderm ( Fig. 1Ba) . At the 30% epiboly stage (4.7 hpf), a dual expression pattern for Zfz8a was detected; the future dorsal region showed strong Zfz8a gene expression, and cells around the animal pole also had increased Zfz8a expression (Fig. 1Bb,c) . By the shield stage, Zfz8a expression was restricted to the embryonic shield and epiblast cells near the animal pole ( Fig. 1Bd,e ). This dual expression pattern of Zfz8a on epiblast and migrating hypoblast, distinguishable by the optical section using the Nomarski optics, was maintained through gastrulation. Thirty minutes after shield stage (65% epiboly), Zfz8a mRNA transcripts were again located on both migrating mesendoderm (hypoblast) and epiblast near the animal Fig. 1 . The homology comparison of ZFz8a and ZFz8b with other Fz protein sequences from differences sources (A) and localization of Zfz8a mRNA in zebrafish blastula and gastrula (B). (A) The deduced amino acid sequences from Zfz8a (ZFz8a) and Zfz8b (ZFz8b) are aligned with those from mouse fz8 (MFz8) , human fz5 (HFz5) and Drosophila fz2 (DFz2) (Bhanot et al., 1996) . Gaps indicated by hyphens are introduced for the optimal alignment. Amino acid residues identical to all Fz protein sequences are highlighted by bold letters. A cysteine rich domain (CRD) and seven transmembrane domains (TM) conserved in all Fz protein members are indicated by the solid lines. Among seven transmembrane domains, TM3 shares the highest amino acid homology (80%) between the compared Fz protein homologues. (B) In situ hybridization for Zfz8a transcripts in the wild type (a-n) and one-eyed pinhead (oep
The presence of Zfz8a transcripts between high and oblong stage (3.5 hpf). (b,c) At 30% epiboly, abrupt expression of Zfz8a transcripts are detected at the future dorsal region as indicated by an asterisk. (d,e) Shield stage. Zfz8a transcripts are maintained at both shield and epiblast near animal pole. (f) At 65% epiboly, abundant Zfz8a transcripts are detected in the migrating mesendoderm (hypoblast) and overlying epiblast near animal pole. (g) At 70% epiboly, Zfz8a transcripts in epiblast are gradually concentrated toward animal pole region and some epiblast cells near animal pole start to increase the Zfz8a transcripts. (h) At 90% epiboly, the content of Zfz8a transcripts in the gastrula reaches to the maximal level in both anterior axial mesendoderm and epiblast. (i) At 90% epiboly, the anterior mesendoderm and epiblast possesses Zfz8a transcript altogether mark the triangular shape then its shape is eventually changed to a diamond shape at 95% epiboly (j). (k) At tail-bud stage, epiblast near animal pole begin to lose Zfz8a transcripts except the rostral crescent thus epiblast and anterior mesendoderm together exhibit the arrow-shape marking the region for Zfz8a expression as similar to be seen in gsc expression (Thisse et al., 1994) . pole with apparently intensified expressions (Fig. 1Bf,g ). The Zfz8a expression domains in the epiblast gradually moved toward the animal pole; the migration from the ventral region was faster than that from the dorsal region and some cells in the most deep layer of the epiblast start to increase the presence of Zfz8a transcripts (Fig. 1Bg) . By 90% epiboly, Zfz8a expression in the anteriormost axial mesendoderm and in epiblast near the animal pole reached a maximum in intensity and extent (Fig. 1Bh,i) . By the tail bud stage, a diamond shaped region of Zfz8a expression was seen in the anterior mesendoderm (prechordal plate) and overlying epiblast (Fig. 1Bj) . At this stage extension and convergence of the embryos changed Zfz8a expression in the epiblast overlying the prechordal plate thus Zfz8a expression in epiblast generated the anterior crescent. (Fig. 1Bk) . The arrow shaped pattern derived from the Zfz8a expressions in the prechordal plate and epiblast in this tail bud stage is quite similar to that of goosecoid (gsc) gene expression (Stachel et al., 1993; Schulte-Merker et al., 1994; Thisse et al., 1994) . During early somitogenesis (2-somite stage), the Zfz8a expression was confined to the anterior region of the mesendoderm (prechordal plate and overlying anterior neurectoderm) but was substantially decreased in the polster (Fig. 1Bl,m) . A secondary phase of Zfz8a expression began at the 5-to 6-somite stage with bilateral longitudinal expression of Zfz8 marking the future pronephric duct (Fig. 1Bn) , similar to pax2 and Zwnt4 (Ungar et al., 1995) expression. This secondary phase of Zfz8a expression was most intense between the 10-somite and 16-somite stages and detectable until the prim-6 stage (data not shown).
The temporal and spatial expression patterns of Zfz8b gene transcripts were quite similar to those of Zfz8a except for the absence of Zfz8b expression in the epiblast during gastrulation. At the 512 cell stage, the presence of Zfz8b mRNA was detected in the entire blastoderm (Fig. 2a) and its localized expression in the future dorsal region was first detected between the oblong and sphere stages (Fig. 2b) . Between 30 and 50% epiboly, expression of Zfz8b transcripts became most intense in the future dorsal region (Fig. 2c-e) . At shield stage, Zfz8b transcripts were restricted to deep cells at the dorsal margin of the embryos (Fig. 2f-h ). During gastrulation, strong expression of Zfz8b transcripts was detected in the most anterior involuting mesendoderm, including both the polster (Fig. 2i-l) and neurectoderm (Fig.  2m) . At the 10-somite stage, Zfz8b expression was almost gone except for the most anterior region of the embryo (Fig.  2n) . Zfz8b transcripts were localized to the olfactory placode and hatching gland cells at prim-6 stage (25 hpf) (data not shown).
In order to further confirm the expression of Zfz8a and Zfz8b in prechordal plate and its precursors, we examined expression of these genes in one-eyed pinhead (oep m134 ) mutant embryos . oep mutants have a defect in an EGF-related protein (Zhang et al., 1998) that is essential for the development of prechordal plate, endoderm and ventral neurectoderm (Schier et al., 1997) . Zfz8a expression in the prechordal plate region was strongly decreased (Fig. 1Bo,p) . The expression of Zfz8b mRNA transcripts was also strongly diminished in oep m134 zebrafish mutants (Fig. 2o,p) .
In conclusion, we have isolated full-length clones for the first frizzled cDNAs obtained in the zebrafish, and have characterized their complete nucleotide and deduced the protein sequences. Zfz8b cDNA matches a partial zebrafish fz clone in the database (Zg06, GenBank accession No.U49410) . None of the other ten partial fragments for zebrafish fz cDNAs matches the Zfz8a gene, suggesting that at least 12 species of fz genes exist in zebrafish.
Our results also show that Zfz8a and Zfz8b transcripts are localized to the zebrafish embryonic shield (the analog of the amphibian organizer and mouse node; Beddington, 1994) at the onset of gastrulation. This is the first report of a fz gene family member expressed in organizer tissue. The temporal and spatial expression patterns of the two Zfz8 genes (Figs. 1Ba-n and 2a-n) appear similar to those of the zebrafish gsc gene (Stachel et al., 1993; Schulte-Merker et al., 1994; Thisse et al., 1994) ) although detailed comparison of the expression of Zfz8 and gsc genes remains to be characterized.
Maintenance of fish
Zebrafish were raised, maintained and staged as described by Kimmel et al. (1995) . Embryos were obtained from spontaneous spawning and appropriate stages of the embryos were dechorionated with watchmaker's forceps and fixed with 4% paraformaldehyde in phosphate buffered saline.
Isolation and characterization of cDNA clone
A 300 bp cDNA fragment isolated by the differential display PCR (Matz et al., 1997) was random-primed labeled with [a-32 P]dCTP and used as a probe for screening the fulllength cDNA clone. By the plaque hybridization, 25 positive clones were isolated from 10 6 phage plaques of 18-22 h zebrafish embryo lgt10 cDNA library (obtained from Dr. H. Okamoto, RIKEN, Japan). Among 25 positive clones, one of the largest clones was further isolated as a single plaque and then 2.3 kb of Zfz8a cDNA insert was isolated and subcloned into plasmid pSKII(+) for the nucleotide sequence analyses. In turn, using Zfz8a cDNA as a probe for low stringency plaque hybridization, one phage clone containing Zfz8b cDNA insert (2.5 kb) was isolated, purified and subcloned as the same method described above. The nucleotide sequences were analyzed by dideoxynucleotide chain termination method with a Sequenase V2.0 kit (Amersham). The nucleotide sequence and their deduced amino acid sequence were assembled and analyzed by the computer software PC/GENE (IntelliGenetics).
Whole mount is situ hybridization
Digoxigenine-labeled RNA probes were prepared using an RNA labeling and detection kit from Boehringer Mannheim Biochemicals. Hybridization and visualizing RNA probes were followed as described by Schulte-Merker et al. (1992) .
